Although non-random sister chromatid segregation has been proposed to underlie asymmetric cell divisions, the underlying biological significance or mechanisms remained elusive. Here we show that non-random sister chromatid segregation during asymmetric division of Drosophila male germline stem cells is mediated by ribosomal DNA (rDNA) loci, consisting of hundreds of tandemly repeated rDNA units. We identify a novel zinc-finger protein CG2199/Indra that binds to rDNA and control non-random sister chromatid segregation. Our data indicate that non-random sister chromatid segregation may reflect the segregation of sister chromatids with different rDNA copy numbers after unequal sister chromatid exchange to maintain rDNA copy number through generations. To our knowledge, this is the first study to provide mechanistic insights into the mechanism of non-random sister chromatid segregation.
Sister chromatids, generated through the precise process of DNA replication, are considered to be identical. Nevertheless, it has been proposed that sister chromatids might carry distinct epigenetic information or mutation loads, and their non-random segregation may underlie asymmetric cell divisions 1 . Using chromosomeorientation in situ hybridization (CO-FISH) with chromosome-specific probes (Fig. 1A) , we previously showed that sister chromatids of X and Y chromosomes, but not autosomes, segregate non-randomly during asymmetric division of Drosophila male germline stem cells (GSCs) 2 . However, the underlying mechanisms and biological significance of this phenomenon remained elusive. To answer these questions, we mapped chromosomal region(s) required for non-random sister chromatid segregation. We identified a deletion that removes about 80% of wild type X heterochromatin 5 ( Fig. 1B) , Df(1)bb 158 (bb 158 hereafter), which showed random sister chromatid segregation of the X chromosome ( Fig. 1C , D, Table S1 ). The intact Y chromosome in the bb 158 strain still exhibited non-random sister chromatid segregation ( Fig. 1D , Table S1 ), suggesting that a chromosomal element deleted in bb 158 strain acts in cis to mediate non-random sister chromatid segregation.
The bb 158 X chromosome lacks the entire ribosomal DNA (rDNA) locus and a large portion of 359-bp repeats (Fig. 1B) . To determine whether the rDNA locus or 359-bp repeats are responsible for non-random sister chromatid segregation, we utilized a strain in which the Y chromosome rDNA locus is deleted, Df(YS)bb -(Ybb -hereafter) 6 ( Fig. 1B) , as no X chromosome deletion strains that specifically delete the rDNA locus or 359-repeats were available. The Ybb -chromosome showed random sister chromatid segregation (Fig. 1D , Table S1 ), indicating that rDNA loci on the X and Y chromosome are required for non-random sister chromatid segregation. These data are also consistent with the fact that the X and Y are the only chromosomes that contain rDNA loci in the D. melanogaster genome and the only chromosomes that display non-random sister chromatid segregation; autosomes do not contain rDNA loci and exhibit random sister chromatid segregation Sister chromatids of the Y chromosome in D. simulans still segregated non-randomly in male GSCs (Fig. 1D , Table S1 ), raising the possibility that the IGS sequence within the rDNA loci is responsible for non-random sister chromatid segregation.
To investigate how the IGS might mediate non-random sister chromatid segregation, we identified IGS binding proteins. Double-stranded DNA corresponding to the IGS sequence was conjugated to Dynabeads and used to pull down IGS-binding proteins from GSC-enriched cell extract (see Methods). The isolated proteins were identified by liquid chromatography with tandem mass spectrometry ( Fig. 2A) . We uncovered 18 proteins that were enriched in IGS-pulldown samples compared to controls, from 2 independent analyses (Table S2) . We conducted a secondary screening by their localization. Among these candidates, we focus our study on an uncharacterized zinc finger protein, CG2199, which we named indra (after a Hindu god who lost immortality). Using a specific anti-Indra antibody ( Fig. S1 for validation) and an Indra-GFP line, we found that Indra localizes to the nucleolus, where rDNA localizes, in the early germ cells (GSCs and spermatogonia) of Drosophila testis (Fig. 2B, Fig. S2A ).
Moreover, Indra localized to the rDNA loci on metaphase chromosome spreads (Fig.   2C , Fig. S2 ), demonstrating that Indra indeed binds to rDNA. Indra's binding to IGS was further confirmed by ChIP-qPCR (Fig. 2D ).
We analyzed RNAi-mediated knockdown of indra in the germline (Fig. S1 ), and found that sister chromatid segregation of both X and Y chromosomes are random in the absence of indra (Fig. 2E ). Although our initial experiments using rDNA deficiency and D. simulans did not exclusively identify IGS as a responsible element, the preferential binding of Indra to IGS and the requirement for Indra in non-random sister chromatid segregation suggest that IGS is indeed an element that mediates nonrandom sister chromatid segregation.
To further investigate the function of indra, which may shed light into the role of non-random sister chromatid segregation, we examined the physiological outcome of depleting indra. Strong knockdown of indra in the germline (nos-gal4>indra
TRiP.HMJ30228
) resulted in severe defects in fertility, becoming sterile by day 5 after eclosion ( Fig. 3A) due to the rapid loss of germ cells (Fig. S1 ). Milder knockdown of indra (nosgal4>indra
GD9748
) also reduced fertility, although germ cells were maintained (Fig. S1 , Fig. S3 ). Strikingly, some of the offspring of indra-depleted males exhibited the bobbed phenotype, which is a hallmark of rDNA insufficiency 9 ( Fig. 3B ). Frequency of bobbed phenotype was further enhanced when indra-depleted males were crossed to females that carry an rDNA deletion (Fig. 3B, Fig. S4 ). The male progenies were more severely affected than female progenies, possibly because rDNA locus on Y chromosome is more susceptible to copy number loss due to its higher transcription as we have shown previously 3 . These results suggest that indra is required to maintain rDNA copy number.
Indeed, the animals that exhibited the bobbed phenotype in indra GD9748 had significantly fewer rDNA copies than control animals, assessed by a semi-quantitative DNA FISH approach that we established previously 3 ( Fig. 3C, Fig. S5 ).
Strong knockdown of indra (indra

TRiP.HMJ30228
) resulted in rapid loss of male germ cells (Fig. 4A, B frequently resulted in multiple sister chromatid exchanges at a single locus (67% of cells had multiple exchanges, N=150, Fig. 5D , E), which was never detected in the control.
This observation suggests that indra is required to limit the number of sister chromatid exchanges. Multiple sister chromatid exchanges could mitigate the effect of unequal sister chromatid exchange on rDNA copy number expansion, thus indra might function to ensure productive unequal sister chromatid exchange that results in copy number expansion.
In this study we discovered that rDNA loci and the novel IGS binding protein Indra mediate non-random sister chromatid segregation of the X and Y chromosomes in Drosophila male GSCs. This study provides the first insight into how and why sister chromatid may be segregated non-randomly in asymmetrically dividing stem cells.
Based on results presented here, we propose that non-random sister chromatid segregation may reflect non-random segregation of sisters with differential rDNA copy numbers after unequal sister chromatid exchange (Fig. 5F ). To produce progeny with improved rDNA copy number, GSCs would inherit the sister chromatid with the expanded rDNA copy number, although current techniques do not allow rDNA copy number measurements in dividing GSCs. It awaits future investigation to understand how Indra may mediate unequal sister chromatid exchanges and non-random segregation of sister chromatids in a manner that maintains/expands rDNA copy number in the germline. , Ybb -, and D. simulans wild type strains (see Table S1 for detailed data). Data shown as mean ± s.d. from three independent experiments. n, number of GSC-GB pairs scored. P-values of two-tailed chisquared test is shown (see Materials and Methods). #, P-value of two-tailed chisquared test by comparing to hypothetical random sister chromatid segregation is shown. experiments. n, number of GSC-GB pairs scored. P-values of two-tailed chisquared test is shown. As indra TRiP.HMJ30228 causes rapid germ cell loss, CO-FISH was conducted using temporary-controlled induction of RNAi (nos-gal4 ts > indra TRiP.HMJ30228 )(flies at day 4 after RNAi induction were used). , UAS-Dcr-2 (d) male germ cells. In d) X and Y chromosomes are exchanged at rDNA loci. Cy3-labelled-X-chromosomespecific satellite probes, Cy5-labelled-Y-chromosome-specific satellite probes, and Alexa 488-labelled-IGS probe were used (see Table S4 for details). Bar: 2.5 µm. E) Frequency of XY exchange at rDNA loci in indicated genotypes. Data shown as mean ± s.d. n, number of mitotic germ cell scored. P-value of Student's t-test is shown. F, G) Apical tip of the testes in nos-gal4>UAS-indra TRiP.HMJ30228 without (f) or with X rDNA deletion, bb 158 (g). The hub is indicated by the asterisks, spermatogonia are indicated by dotted lines, and spermatocytes (SC) are indicated by doubleheaded arrow. . Tiled Cy3-IGS forward and Cy5-IGS reverse probes were used to differentially visualize two sister chromatids at rDNA loci. Bar: 10 µm (E) In indra-depleted GSCs, multiple sister chromatid exchanges might mitigate the impact of sister chromatid exchange on rDNA copy number expansion. (F) Model: GSCs inherit sister chromatid with expanded rDNA copy, whereas GBs inherit shortened copy. rDNA is bound by Indra, which may function to ensure rDNA copy number expansion by limiting the number of sister chromatid exchange. 
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Materials and Methods 
Fertility assay
For the fertility assays using strong indra RNAi (nos-gal4>UAS-indra
TRiP.HMJ30228
) males in For the fertility assay using milder indra RNAi (nos-gal4>UAS-indra To examine Indra localization on mitotic chromosome spread, Drosophila 3rd instar larval testes were dissected in PBS, transferred to 0.5% sodium citrate and incubated for 10 min, fixed in 4% formaldehyde in PBS for 4 minutes, then squashed between the cover slip and slide glass. The sample was frozen in liquid nitrogen, the cover slip was removed, and immediately washed in PBS, followed by immunofluorescence staining as described above, except that the incubation was performed on slide glass, covered with a small piece of parafilm in a humid chamber.
The primary antibodies used were as follows: rabbit anti-Vasa . Anti-Indra antibody was generated by injecting a peptide (RKITDVLETITHRSIPSSLPIKIC) into guinea pig (Covance, Denver, PA) and used with a dilution of 1:500. Specificity of the serum was validated by the lack of staining in indra RNAi testis (Fig. S1 ). Alexa Fluorconjugated secondary antibodies (Life Technologies) were used with a dilution of 1:200.
Images were taken using Leica TCS SP8 confocal microscope with a 63x oil immersion objective (NA = 1.4) and processed using Adobe Photoshop software.
DNA fluorescence in situ hybridization
For mitotic chromosome spreads, Drosophila testes and larval 3rd instar brains were squashed according to previously described methods (8) . Briefly, testes were dissected into 0.5% sodium citrate for 5-10 min and fixed in 45% acetic acid/2.2% formaldehyde for 4-5 min. Fixed tissues were firmly squashed with a cover slip then slides were submerged in liquid nitrogen. Following liquid nitrogen, slides were dehydrated in 100% ethanol for at least 5 min. For the in situ experiment described in Fig. S4 , slides were then treated with 0.1 mg/ml RNase A (Roche; 2 mg/ml in PBS) for 1 hour at room temperature, then dehydrated in 100% ethanol again. Hybridization mix (50% formamide, 2x SSC, 10% dextran sulfate) with 1 µM each probe was applied directly to the slide and allowed to hybridize 16 hours at room temperature. Then slides were washed 3 times for 15 min in 0.2x SSC, and mounted with VECTASHIELD with DAPI (Vector Labs).
Images were taken using Leica SP8 confocal microscope. For the in situ experiment described in Fig. S4 , images were taken with the setting to ensure signals were not saturated. Fluorescence quantification was done on merged z-stacks using image J. Sum of pixel intensity (RawIntDen) in the in situ signal area was measured and compared between X and Y chromosomes. Probe sequences are listed in Table S4 .
Chromosome orientation fluorescence in situ hybridization (CO-FISH)
CO-FISH in whole mount Drosophila testes were performed according to previously described methods (9) . Briefly, young adult flies (day 1-3) were fed with 5-bromodeoxyuridine (BrdU)-containing food (950 ml of 100% apple juice, 7 mg of agar, and 50 µl of 100 mg/ml BrdU solution in a 1:1 mixture of acetone and DMSO) for 12 hours.
After the feeding period, flies were transferred to regular fly food for 13.5 hours. Because the average GSC cell cycle length is ~12 hour, most GSCs undergo a single S phase in the presence of BrdU followed by mitosis during this feeding procedure. GSCs that have undergone more or less than one S phase or mitosis were excluded from our analysis by limiting the scoring to GSC-GB pairs that have complementary CO-FISH signals in the GSC and GB (red signal in one cell, blue signal in the other). Testes were dissected, fixed and immunostained as described above. Then, testes were fixed for 10 min with 4% formaldehyde in PBS, followed by 3 times washes in PBST. Following the washes, the testes were rinsed once with PBST and treated with RNase A (Roche; 2 mg/ml in PBS)
for 10 min at 37°C, washed with PBST for 5 min, and stained with 100 µl of 2 µg/ml For CO-FISH on mitotic spread chromosome, young nos-gal4>UAS-Upd (control) and
nos-gal4>UAS-Upd, UAS-indra
GD9748 , UAS-Dcr-2 (indra
GD9748
) flies were BrdU-pulsed for 16-18 hours. These testes enriched for GSCs due to expression of Upd (simply 'Updexpressing testes' hereafter) were then dissected into 0.5% sodium citrate for 5-10 min and fixed in 13% acetic acid/4% formaldehyde for 4-5 min, and squashed as described above. To start CO-FISH process, the slides were rehydrated in PBS for 5 min. Then, the slides were incubated with RNase A for 15 min at 37°C, briefly rinsed with PBST.
Subsequently, the slides were fixed in 4% formaldehyde in PBS, followed by one PBS rinse. The slides were dehydrated in 75, 85, and then 100% ice-cold ethanol for 2 min each. After the slides were completely air-dried, they were stained with 0.5 µg/ml Hoechst 33258 in 2x SSC for 15 min at room temperature, briefly washed twice in 2x SSC. 200 µl of 2x SSC was added to the slide, and it was covered by a cover slip, then exposed to ultraviolet as described above. The slides were briefly rinsed in 2x SSC, then in distilled water and air-dried. Then, the slides were treated with 3 U/µl exonuclease III in 1x NEB cutsmart buffer and incubated at 37°C for 15 min, followed by wash with 2x SSC twice.
The slides were denatured in 50% formamide/2x SSC for 10 min at room temperature and immediately dehydrated in ice-cold ethanol series (75, 85, 100% ethanol, 2 min each).
Hybridization mix (50% formamide, 2x SSC, 10% dextran sulfate) with 1.5-3 µM IGS probes was denatured at 72°C for 5 min before hybridization and was immediately cooled down on ice for 5 min. Then, the hybridization mix was applied directly to the slides. After 16 hours incubation at 37˚C. the slides were washed once in 50% formamide/2x SSC, 3 times in 2x SSC, and mounted with VECTASHIELD with DAPI (Vector Labs). Images were taken using Leica TCS SP8 confocal microscope with a 63x oil immersion objective (NA = 1.4) and processed using Adobe Photoshop software. Probe sequences are listed in Table S4 . All reagents contained 1 mM EDTA except for one step before enzymatic reaction.
IGS DNA pull down and mass-spectrometry 200 pairs of Upd-expressing testes were dissected in Schneider's Drosophila Medium Following the incubation, the lysate was centrifuged at 3,000 rom for 10 min at 4˚C, and supernatant was saved as whole cell extract. The pellet, which contains nuclear fraction, was resuspended in lysis buffer containing 100 mM NaCl and was incubated on ice for 1 hour with vortex at highest setting for 15 sec every 10 min. Then, the nuclear fraction was isolated by centrifugation at 14,000 rpm for 30 min at 4°C, and the obtained nuclear Table S5 .
Statistical analysis
For comparison of sister chromatid segregation patterns in Fig. 1d and Fig. 2e , significance was determined by two-tailed chi-squared test using 2 x 2 contingency table (pattern 1: 'red' strand in GSC and 'blue' strand in GB; pattern 2: 'blue' strand in GSC and 'red' strand in GB).
For comparison of frequency of bobbed animals, significance was determined by twotailed chi-squared test using 2 x 2 contingency table (normal; bobbed). TRRiP.HMJ30228 led to strongest knockdown, and indra GD9748 without Dcr-2 led to only mild knockdown. Bar: 25 µm. ) was crossed with three virgin bb 158 females. Every 5 days, the male was transferred to a new vial with three new virgin bb 158 females. The number of adult flies eclosed from each vial was scored. Data shown as median with interquartile range as well as individual data point. n, number of vials scored. P-value of two-tailed Mann-Whitney test is shown. 
